We demonstrate an all-optical 133 Cs scalar magnetometer, operating in nonzero magnetic field, in which the magnetic resonance is driven by an effective oscillating magnetic field provided by the AC Stark shift of an intensity-modulated laser beam. We achieve a projected shot-noise-limited sensitivity of 1.7 fT/ √ Hz and measure a technical noise floor of 40 fT/ √ Hz. These results are essentially identical to a coil-driven scalar magnetometer using the same setup. This all-optical scheme offers advantages over traditional coil-driven magnetometers for use in arrays and in magnetically sensitive fundamental physics experiments e.g., searches for a permanent electric dipole moment of the neutron.
A far-off-resonant laser beam can affect the energy levels of an atom even in the absence of absorption. These shifts can be decomposed into scalar, vector, and tensor contributions [1] [2] [3] . While the scalar component shifts the Zeeman sublevels together and forms the basis for optical trapping experiments, the vector light shift acts differently on individual magnetic sublevels. It influences the energy structure like the Zeeman effect; the vector light shift of a circularly polarized laser beam acts like a fictitious magnetic field directed along the propagation axis. The strength of this fictitious field is proportional to the beam intensity and the atomic vector polarizability. In this work we focus on effects of the vector light shift (later referred to as only "light shift" or LS). The phenomenon has been used to manipulate atomic spins all-optically, e.g. driving magnetic resonance [2, [4] [5] [6] , inducing spin echoes [7] [8] [9] , enabling phase control [10] , deflecting atoms [11] and using cold atoms for precise polarization measurement [12] . A modulated fictitious magnetic field has also recently been used to help scan through the zero-field condition in a dc magnetometer with 2 pT/ √ Hz sensitivity [13] and to convert a scalar into a vector magnetometer [14] . In this paper, oscillating fictitious magnetic fields are the key component of an all-optical finite-field rf-driven magnetometer. † Present address: AOSense, Inc., Sunnyvale, CA 94085, USA.
Optically pumped rf-driven magnetometers have been widely used for precise measurements since the 1950s [15] . They have a broad range of applications and are themselves still the subject of research [16] . The general working principle relies on optically polarizing the atoms along the leading magnetic field B 0 and then driving transitions between magnetic sublevels via a resonant radiofrequency magnetic field B rf . Arrays of rf-driven magnetometers are employed when monitoring the magnetic field in an area or volume is required. This includes medical applications such as human heart or brain activity mapping [17, 18] , or in fundamental-physics experiments e.g., those searching for a permanent electric dipole moment of the neutron (nEDM) [19, 20] . In these applications, the rf technique has important limitations. The oscillating magnetic field contaminates the monitored environment which is detrimental for precise measurements. Additionally, crosstalk between adjacent sensors places a limit on spatial resolution of a sensor array. We demonstrate a way to overcome these limitations by replacing the radio frequency coils with intensity-modulated laser beams. All-optical rf-driven magnetometry could also be useful in remote magnetometry applications, where real magnetic fields cannot be directly applied to the atomic sample [21, 22] .
Our rf-driven magnetometer has a projected shotnoise-limited sensitivity of 1.7 fT/ √ Hz which brings it within an order of magnitude to the most sensitive magnetometers [23] [24] [25] in the finite-field regime. Its experi- mentally demonstrated sensitivity is 40 fT/ √ Hz as measured in the laboratory, where technical noise limits the stability of the leading field. Replacing the radiofrequency coil with an intensity-modulated laser beam reproduces the sensitivity and only slightly increases the noise floor of the rf-driven magnetometer at frequencies below 1 Hz. Analysis of the power spectrum of the magnetic-field changes shows that both magnetometers reach the same noise floor around 1.5 Hz and that the increased root mean square noise of the light-shift magnetometer is mostly due to low-frequency components. Overall, this demonstrates a direct improvement to current experiments using arrays of rf-driven magnetometers.
The experimental setup is shown in Fig. 1 . An evacuated, paraffin-coated 133 Cs cell is placed within a fourlayer µ-metal magnetic shield with a total attenuation factor of ∼10 −6 [26] . The cell is a 50 mm long cylinder with a diameter of 50 mm. Within the cell, the longitudinal spin relaxation time of the 133 Cs vapor is measured to be T 1 = 0.7 s (here T 1 is the longer relaxation time in the bi-exponential decay as discussed in [27] ).
The temperature of the cell is stabilized around 17.5
• C by a flow of cooled air. Coils inside the shields provide the leading field B 0 , gradient compensation along theẑ direction, and an oscillating B rf field in the conventional rf-driven magnetometer setup. The leading-field and the gradient compensation coils are powered with separate channels of a custom current source (Magnicon GmbH) that exhibits a stability of ∼10 −7 over 100 seconds. The leading field was ∼ 480 nT corresponding to a Larmor frequency of 1690 Hz.
The pump beam (894 nm DFB laser, 75.5 µW) is launched parallel to B 0 (k pu ẑ) by a polarizing fiber (Fibercore HB830Z). The light power at the fiber output is stabilized by an AOM in a feedback loop, thus minimizing the fluctuations of the light shift induced by the pump beam. A zero-order quarter-wave plate before the magnetic shield ensures circularly polarized light. The pump frequency is locked to the D1 F = 3 → F = 4 transition by a dichroic atomic vapor laser lock (DAVLL) [28] [29] [30] . Since we observe a magnetic resonance within the F = 4 manifold, the probe is tuned to the D2 F = 4 → F = 5 transition, stabilized by a seperate DAVLL. The pump polarizes the F = 4 manifold by depopulating the F = 3 manifold, while producing minimal light shift and broadening of the F = 4 magnetic resonance [31] . Moreover, we can see narrowing (∼ 10%) of the spin-exchangelimited resonance line [32, 33] due to the high polarization in the vapor.
The σ+ polarized light shift beam (852 nm DFB laser, 1.9 mW time-averaged power equivalent to a fictitious magnetic field with 0.19 nT amplitude) propagates orthogonally to B 0 withk LS x. The intensity of the laser is modulated by an AOM in order to provide the timevarying light shift. For this, we stabilize the transmission of the light-shift beam with a feedback loop and then modulate the set-point with a sinusoidal control signal of a function generator. This way we make sure to drive the resonance with a single harmonic signal independent of any nonlinear electronic response in the circuit. The optical frequency of this laser is detuned 50 GHz below the D2 F = 4 → F = 5 transition and frequency locked via a wavemeter (Ångstrom/HighFinesse WS-7). This detuning was chosen to minimize optical pumping by the light-shift beam while still having sufficient fictitious field to drive the magnetic resonance.
We note here that the laser beams do not overlap, and their waist sizes (< 1 mm) are small compared to the cell diameter (50 mm). Since the atoms traverse the cell in a time shorter than the precession period, they motionally average the magnetic fields (real and fictitious) within the cell, as well as the intensity of the pump and probe beams [34] . For this reason the observed light shifts only depend upon the power of the beams and not their spatial intensity profiles. We compare two modes of magnetometer operation. The first mode is an rf-driven magnetometer (RF), where the spin precession is induced by an oscillating magnetic field B rf x. The second mode is a light-shift magnetometer (LS), where an oscillating fictitious magnetic field in the same direction is induced by an intensity-modulated laser beam. In both cases the sinusoidal driving signal is produced by a frequency synthesizer (Berkeley Nucleonics Corp. BNC645) that plays the role of the local oscillator (LO in Fig. 1 ). The precession of the 133 Cs magnetization is read out by a balanced polarimeter that detects the probe polarization rotation. The polarimeter's electronic noise corresponds to shot noise of 0.45 µW of light (0.17 fT/ √ Hz equivalent magnetic field noise). The probe beam (852 nm DFB laser, 16.4 µW) propagates alongŷ and its linear polarization is orthogonal to B 0 in order to minimize probe-induced static atomic alignment (quadrupole moment, see [35] ). The optical frequency of the probe is locked at around 0.7 GHz below the F = 4 → F = 5 transition to minimize power broadening while still having appreciable (20 mrad peak) polarization rotation. A lock-in amplifier (SR830) demodulates the rotation signal with the local oscillator as a reference. The phase of the lock-in is chosen to make the Y trace completely dispersive and the X trace completely absorptive.
To compare the performance, we measure polarimeter noise and magnetic resonance (MR) signal, as well as the response of the magnetometers to small steps in LO frequency. The former provides shot-noise-projected sensitivity while the latter is a direct measurement of the sensitivity of the experiment to small changes in the magnetic field.
We obtain the MR signal (Fig. 2) by stepping the frequency of the local oscillator over the MR line and letting the lock-in output equilibrate at each frequency before acquiring the X and Y values. Then we fit the MR signal to a Lorenzian resonance and extract the amplitude and width. We measure the shot noise by repeating the scan with the pump beam blocked. The atoms are not polarized in the rf-driven magnetometer without the pump, and the signal is dominated by the probe-laser shot noise equivalent to 1.7 fT/ √ Hz (black trace in the RF graph of Fig. 2 ). In the LS magnetometer, however, the intensitymodulated light-shift beam creates a small amount of polarization (black trace in the LS graph of Fig. 2 ). This establishes a Bell-Bloom type of synchronous pumping [15] resonance due to residual photon scattering of the intensity-modulated LS beam. Comparing the slope of the dispersive signal (blue) with the RMS noise without the pump results in a signal-to-noise of 1.2 × 10 5 which translates into the same projected sensitivity of 1.7 fT/ √ Hz. The "parasitic" resonance is 90
• out of phase with the MR signals shown in Fig. 2 because direct synchronous excitation by the LS beam instantaneously creates polarization directed alongx which precesses in thex-ŷ plane. At the time of peak LS beam intensity, the orientation generated in this way is orthogonal to the probe beam path and causes no optical rotation of the probe. In the LS magnetometer, the peak intensity of the fictitious magnetic field causes the pumped atoms to be tipped from theẑ direction towardŷ, thus making the maximum optical rotation in phase with the LS beam intensity modulation. For stable laser parameters the additional resonance introduces a constant distortion, rather than noise, to the magnetometer signal. The amplitude of this resonance however depends on several parameters, e.g. LS beam detuning, intensity and polarization. If the magnetic field is determined via the zero crossing of the MR phase signal, parameter drifts of the LS laser cause systematic shifts of the observed MR frequency. It is the experience of the authors that these effects can be substantial under certain experimental conditions, and it seems plausible that this mechanism may play a role in the low-frequency stability of alkali-vapor magnetometers [36] . The "parasitic" synchronous pumping resonance observed in the LS configuration can also be used to measure the magnetic field quite effectively if the LS beam is tuned close to the absorption line of the atomic transition. Optimization in this pumping mode results in projected sensitivity of 1.9 fT/ √ Hz with 43 µW average pump power and a 3% duty cycle. For best performance in Bell-Bloom mode, the LS beam is tuned to address the D2 F = 3 manifold. However, the presence of cycling transitions in the synchronous pumping scheme causes considerable MR line broadening (2.3 Hz) compared to the LS magnetometer scheme (1.8 Hz) which takes advantage of light narrowing. The difference could be even more drastic if an alkene cell with ∼77 s relaxation time is utilized [37] . For clarity, we focus in the analysis on the two (fictitious or real magnetic field) rf-driven magnetometers.
We compare the performance of those magnetometers by recording both, the linear spectral density (LSD) of the sensor signal (Fig. 3) and the response to steps in the LO driving frequency (Fig. 4) . To measure the LSDs, we positioned the frequency generator at the center of the MR and recorded the Y output of the lock-in. We observe the signal over time, convert it to an equivalent field shift and perform a Fourier transform of the result. The comparison of both operation modes can be seen in Fig. 3 . Since the bandwidth of the magnetometer is constrained by its MR line width, we recorded the frequency response of the sensor and corrected the magnetic field noise accordingly. Both magnetometers exhibited a minimum noise floor of 40 fT/ √ Hz at a frequency ∼ 2 Hz, where the contribution of the laboratory magnetic noise is minimal.
For the field step response measurement, we modulated the driving frequency around the Larmor resonance by ±3.5 mHz, effectively equivalent to a field change of ±1 pT. To estimate the noise, we observed the dispersive output of the lock-in and compared the step size to the RMS noise of the signal on a step level. The average RMS noise on the step was 40 fT/ √ Hz for the RF mode, in agreement with the LSD measurement. For the LS mode the RMS noise was slightly larger (55 fT/ √ Hz) due to the increased noise level at frequencies around 0.2 Hz.
In conclusion, we present an all-optical light shift magnetometer with projected sensitivity of 1.7 fT/ √ Hz and demonstrate its performance in a laboratory setup with a noise floor of 40 fT/ √ Hz at 2 Hz. The magnetometer employs an oscillating fictitious magnetic field created by an intensity-modulated circularly polarized laser beam to drive the precession in 133 Cs. We compare it to the same magnetometer driven by a real oscillating magnetic field and demonstrate similar performance. The lightshift magnetometer has several advantages compared to the conventional rf-driven magnetometer due to the absence of an actual rf magnetic field. It can be readily implemented in most current rf-driven magnetometer setups. This offers potential improvements in applications where the sensor density is of interest and arrays of magnetometers are in use, e.g., in the search for an electric dipole moment of the neutron. .
